We report on the implementation of a high-count-rate charged particle imaging detector for two-color pump-probe experiments at the free electron laser in Hamburg (FLASH). In doing so, we have developed a procedure for finding the spatial and temporal overlap between the extreme UV free electron laser (FEL) Here we report on an XUV/IR pump-probe experiment using a velocity map imaging spectrometer (VMIS) [5] at FLASH. The VMIS is ideally suited to perform momentum imaging of the charged particles resulting from ionization by the high flux FEL, as it allows for very high count rates (10 4 -10 5 events/shot) [6] . In addition, the flexibility of the VMIS, allowing it to also be used both in time-of-flight and spatial imaging modes, provides excellent opportunities for finding spatial and temporal overlap, even though the interaction region cannot be reached by optical means. The aim of this Letter is to present a step-by-step procedure for setting up two-pulse experiments at FELs, using the spectrometer itself as the alignment tool.
Free electron lasers (FELs) operating in the extreme UV (XUV) and x-ray regions [1, 2] , featuring high photon fluxes combined with temporal and spatial coherence, are rapidly becoming important tools for investigating the structure of matter [3] . One of the great advantages of FELs over traditional synchrotron-based sources is the short pulse duration that is achievable, enabling timeresolved studies with resolutions in the few femtoseconds regime. To perform such experiments, it becomes important to implement pump-probe techniques in which the FEL pulses are synchronized with visible or IR pulses from a second laser source. Scaling pumpprobe experiments from laboratory-scale tabletop laser experiments to facility-scale FEL experiments poses new challenges, such as finding the spatial and temporal overlap as quickly as possible to utilize the limited beam time efficiently. To date, pump-probe experiments at FELs have been reported where the spatial overlap was achieved by optical imaging techniques, requiring optical access to the interaction region [4] .
Here we report on an XUV/IR pump-probe experiment using a velocity map imaging spectrometer (VMIS) [5] at FLASH. The VMIS is ideally suited to perform momentum imaging of the charged particles resulting from ionization by the high flux FEL, as it allows for very high count rates (10 4 -10 5 events/shot) [6] . In addition, the flexibility of the VMIS, allowing it to also be used both in time-of-flight and spatial imaging modes, provides excellent opportunities for finding spatial and temporal overlap, even though the interaction region cannot be reached by optical means. The aim of this Letter is to present a step-by-step procedure for setting up two-pulse experiments at FELs, using the spectrometer itself as the alignment tool.
In the VMIS, the laser beams propagating in the x-y plane are crossed with a pulsed molecular beam traveling along the detector axis z and entering through a hole in the repeller electrode (see Fig. 1 ). By the potentials applied on the repeller (V R ) and extractor (V E ) electrodes, the charged particles resulting from ionization and fragmentation are accelerated into a field-free flight tube, and are ultimately detected by a microchannel plate/ phosphor screen assembly imaged by a CCD camera. Charge and mass selection for ions is made possible through the application of a 200 ns gate on the detector.
Depending on the relative voltages of the extractor and the repeller, η ¼ V E =V R , the spectrometer can be operated either in spatial or velocity imaging mode. In spatial imaging mode, a one-to-one mapping between the ionization coordinate ðx i ; y i Þ and the impact coordinate on the detector ðx d ; y d Þ exists, while in velocity imaging mode, the impact coordinate is more or less independent of the ionization coordinate and depends only on the initial transversal velocity of the fragments. To deduce the ionization coordinate along the detector axis (z i ), one can use the flight time of the fragments, i.e., by measuring the total current over the phosphor screen with an oscilloscope, without gating the detector (time-offlight mode).
For the particular electrode geometry used in this experiment (shown in Fig. 1 ), η ≈ 0:98 corresponds to the spatial imaging mode. The spatial resolution depends on the ratio between the fragment kinetic energy (E kin ) and the voltage applied on the repeller (V R ) while the magnification, in our case x d =x i ¼ y d =y i ≈ −6, depends on the spectrometer design and is independent of V R . By trajectory calculations for a large number of ionization coordinates and kinetic energies, the achievable resolution can be estimated. As shown in Fig. 2 , in spatial imaging mode, the spatial resolution in the x-y plane can be optimized for a certain kinetic energy by tuning of η, but also for lower fragment energies the resolution stays reasonable. With our choice of η ¼ 0:980 sub-100 μm resolution is reached for relative fragment energies up to 2 eV=kV.
Velocity imaging mode is obtained using η ≈ 0:77, and repeating the trajectory calculations for this mode shows that a relative energy resolution on the order of 1% can be achieved over an energy range of several electron volts per kilovolt repeller voltage.
The experiment used the in-house IR laser at FLASH, described in detail in [7] , which was focused and overlapped with the FEL beam in a noncollinear arrangement with both beams in the x-y plane of the spectrometer, with an angle of 10°between the two beams (see [8] for details).
The alignment of the overlap between the FEL and the IR laser can be divided in three steps. First, a coarse temporal overlap at the experiment has to be achieved. This can, in principle, be found by using an in-vacuum photodiode that looks at both the FEL and the IR beam in the interaction region [4] . With that approach, a photodiode that is able to detect both wavelengths is needed. By using the charged particle imaging spectrometer in electron time-of-flight mode with velocity imaging settings to make the arrival time independent of z i and a high acceleration field so that the electron time of flight is only weakly dependent on the initial electron energy, one can instead use the arrival time of the photoelectrons on the detector as a measure of the rough timing. In our case, for V R ¼ −10 kV and η ¼ 0:77, the electron time of flight is 6:6 ns for zero energy electrons, with a spread of ∼500 ps for electrons with an energy of 100 eV ejected in opposite directions along the detector axis z, independent of the ionization coordinate z i .
Once temporal overlap is ensured to within a nanosecond, the spatial overlap between the two laser beams and with the molecular beam can be found by operating the spectrometer in time-of-flight mode and spatial imaging mode. As described above, the ionization coordinate along the detector axis, z i , can be deduced from the flight time of the ions, and overlapping the ion timeof-flight contribution from both beams ensures that z i is the same for the two beams. Alignment in the x-y plane (detector plane) is performed using the spatial imaging mode. As an example, Figs. 3(a) and 3(b) show the detector image in spatial imaging mode. In Fig. 3(a) , the molecular beam is turned off, and the detected ions come from ionization of residual gas in the spectrometer. The FEL beam is seen going from left to right with approximately constant intensity, indicative of single photon ionization. The IR beam goes from the top left to the bottom right corner of the image at a 10°angle to the FEL beam. For the IR, the ionization is strongest close to the center of the image, indicative of multiphoton ionization which is localized around the focus of the beam, where the intensity is highest. Thus, the spatial imaging can also be used to locate the focus position for the IR beam.
One route toward finding the precise temporal overlap between the two lasers is to use a two-color process that requires both lasers to interact with the sample simultaneously, such as the generation of sidebands [4] , requiring the delay to be scanned in small time steps until the two-color signal is found. Our approach relies on bond softening in H 2 [9] , which is a sequential two-color process in the sense that, to observe a signal, it is sufficient that the FEL pulse precedes the IR pulse. Briefly, the FEL pulses with a photon energy of 46 eV efficiently ionize the H 2 molecules and leave the molecular ions in the stable electronic ground state [6] . The IR pulse, arriving later, causes dissociation of the molecular ion into a neutral H atom and an H þ ion, each with a kinetic energy of ∼0:5 eV. As the bond-softening process only requires a single IR photon, the IR intensity can be kept sufficiently low so as not to ionize the molecules without the FEL present. Figure 4 shows experimental images recorded in velocity imaging mode, with a 200 ns gate on the detector selecting only H þ ions. Figure 4(a) shows the H þ distribution when the IR pulse, which by itself does not produce any H þ ions, comes before the FEL pulse. It contains contributions from the 1sσ þ g state (central peak) , as a result of dissociation through bond softening. Starting from a situation where the IR pulse comes a few nanoseconds after the FEL pulse (verified by the electron time-of-flight measurements described above) and where the bondsoftening signal is visible, it is easy to change the delay back and forth around the temporal overlap (where the bond-softening signature disappears) with decreasing step sizes and, thus, narrow down on the position of the precise temporal overlap.
In conclusion, we have given a step-by-step procedure for setting up XUV/IR pump-probe experiments at FELs using a VMIS. The described procedure has been the key tool in two recent experiments by the authors on laserinduced molecular alignment [8] and molecular dissociation [10] 
